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ABSTRACT 
 
 
TB care and prevention is led by the public sector, but many TB symptomatics first seek 
care in the private sector, highlighting the importance of engaging these facilities.  This report 
examines basic TB epidemiology (such as the gap in case finding that could be addressed in part 
via private sector activities), health-seeking behaviors (HSB) and diagnostic delays, the size of the 
private sector, activities of professional societies, and financing.  It examines the potential utility 
of integrating Voronoi tessellations as a GIS-based method for informing and improving Public-
Private Mix (PPM) efforts throughout six states in Nigeria.  Further, it explores a potential 
methodology for quantifying the theoretical number of individuals served by each private facility 
in order to better guide funding allocation to private providers who need it most.   Standardized 
searches of academic papers obtained from PubMed, Google, and of key planning documents 
from National Tuberculosis Programs (NTPs) were conducted.  In Nigeria, PPM is quickly 
becoming entrenched in healthcare, and Voronoi tessellations supplement these efforts by 
dividing private provider location data into meaningful and clear partitions.  These tessellations 
were deficient in areas with high levels of clustering (dense urban sprawl), but are suited for 
examining private provider distribution in rural locations.  The methodology of estimating 
populations through the polygons was too inaccurate to yield meaningful conclusions.  Themes 
for PPM implementation include effective consolidation and representation of private sector 
providers, structured leadership from the NTP, and an understanding of HSBs.  
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CHAPTER 1:  
 
INTRODUCTION 
 
Public-Private Mix 
 
 As the worldwide tuberculosis (TB) epidemic persists, National TB Programs (NTPs) still 
lead the national responses.  However, increased attention is being paid to the role of private 
sector healthcare providers in the effort to control the spread of the disease.  Public-Private Mix 
(PPM) is a coordinated effort that aims to engage, together, both public and private sector 
healthcare providers against TB using clearly defined, internationally recognized healthcare 
standards World Health Organization (2010). 
 The scale of PPM efforts has grown and further expansion offers the prospect of finding 
more of the missing 3 million TB cases: the discrepancy that exists between the number of TB 
cases expected to be identified and the number that are actually reported by NTPs (World Health 
Organization, 2014a).  However, most of the attention in PPM has been focused on South Asia, 
due to its extensive private sector (Wells, 2015).  A renewed focus is needed on PPM activities 
in Sub-Saharan Africa, as 50% of healthcare clients in this region initially seek treatment from the 
private sector (PS4H, 2008), resulting in missed opportunities for identifying people with TB 
symptoms early. 
 In Sub-Saharan Africa (SSA), a wide variety of private and non-NTP provider types are 
available to patients with TB symptoms, including formal and informal providers such as hospitals 
(both faith-based and for-profit), clinics, pharmacies, patent medicine vendors (PMVs), and 
traditional healers.  Private facilities may be more convenient to patients’ and offer better 
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customer service, less waiting time, and more privacy but many of these providers lack TB 
diagnostic tools and training, and use variable standards of care. 
Geographic Information Systems 
  
 The private healthcare sector in Nigeria has ballooned in size (though the total scope has 
yet to be quantified on a national level); a single survey in six Nigerian states located 5,086 private 
healthcare facilities that served almost 27.5 million citizens (Johnson, 2014).  However, an 
accurate and robust survey of private provider types and locations has not been completed on a 
national scale (efforts are underway to do so, primarily conducted by independent organizations).  
Therefore, identifying the distribution of these providers and the number of citizens has thus far 
been extremely difficult.  However, Geographic Information Systems (GIS), in conjunction with 
field surveys, presents the opportunity to spatially analyze the distribution of private sector 
providers throughout a number of states.  Further, Voronoi tessellations can be used to divide 
these private facilities and determine a best-guess estimate of the number of individuals that 
would fall within the “service area” associated with each facility.  This paper will examine the 
health-seeking behaviors of TB patients within the country, the size of the private sector, and the 
application of GIS and Voronoi tessellations to analyze the spatial distribution and clustering of 
private facilities throughout six states.  
Spatial Clustering  
   
  Spatial clusters, by definition, are localized areas containing a higher than average 
proportion of the target entity than would be expected, assuming the entity is randomly dispersed 
throughout the area of interest (Duczmal, 2011).  Using ESRI’s ArcGIS 10.3 software suite, spatial 
clusters can be definitively identified using the Getis-Ord Gi* Hot Spot Analysis tool, which 
demarcates statistically significant spatial clusters of high values (hot spots) and low values (cold 
 3 
 
spots) of the data parameter being considered.  The tool is best suited to be applied to count or 
rate data (for example, the number of cases of a disease occurring in an area during a known 
outbreak, such as the Ebola outbreak in West Africa in 2014.  Once the appropriate data are 
entered into the tool it produces a z-score and p-value for each data point and visually identifies 
hot and cold spots that are considered statistically significant clusters.  For this analysis, an 
alternative tool - the optimized hot spot analysis - will be used as it automatically corrects for 
multiple testing and spatial dependence (ArcGIS Pro, 2015). 
  The Spatial Autocorrelation (Moran’s i) tool, calculates whether the pattern 
demonstrated in the data is clustered, dispersed, or randomized with z-scores and p-values 
indicating statistical significance, and a separate index known as the Moran’s i, which can either 
indicate tendency towards clustering (positive value), or towards dispersion (negative value) 
(ESRI, 2015b).  Spatial autocorrelation is the phenomenon in which values of a particular variable 
sampled at locations proximal to one another are more similar than values of that same variable 
when sampled at locations further apart from one another (Liebhold, 1998).  This tool can be 
used for this study following the optimized hot spot analysis tool to identify the degree of the 
clustering found between private healthcare facilities.  The hot spot analysis tool can identify 
locations that are statistically considered “hot” or “cold,” but it does not identify the strength of 
the clustering at these locations.  Moran’s i, however, can tell you the strength of this clustering.  
Voronoi Tessellations 
 
Voronoi tessellations can create crystalline lattices in the two-dimensional field within 
which the dataset is located, placing each data point within its own proprietary polygon, the sizes 
of which are created through an algorithm that examines the Euclidian distances between these 
points (Ju, 2011).  The polygons serve as the maximum boundaries around each data point such 
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that any location within each polygon is closer to the polygon’s associated data point than it is to 
any other data point in the total expanse being considered.  These diagrams are often found in 
nature (such as the 1644 work of Descartes on the distribution of matter near the Sun, or the 
examination by Dirichlet in 1850 of two- and three-dimensional quadratic forms (Ju, 2011).  Their 
most notable use was in the work of John Snow, who utilized a form of Voronoi tessellation to 
identify that proximity to a particular water well was most strongly correlated to cholera deaths 
(Ju, 2011).  Additionally, Voronoi diagrams are used to generate meshes that are often non-
uniform in the size of each polygon that comprises the grid, an important application in practical 
situations such as the partitioning of naturally unequal, sometimes haphazard distribution of cases 
of a disease, or, for this analysis, private healthcare facilities.  Researchers can take advantage of 
this applicability to irregularly distributed data points to use Voronoi tessellations to optimize 
resource allocation: Du et al examined the utilization of these polygons to identify the ideal 
locations for placing a resource to be utilized by the community such that it minimized the cost 
of utilizing this resource for each user in the region, and recommended the technique be used 
for placing critical resources such as schools and distribution centers. (Du, 1999).
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CHAPTER 2:  
 
OBJECTIVES 
 
This paper examines the status of private sector engagement in tuberculosis control in 
Nigeria, 9th on the list of the top 22 nations that account for 80% of the world’s TB burden.  It 
summarizes the context, activities, and opportunities to engage the private sector in TB care and 
prevention while simultaneously examining the potential for applying GIS technology towards 
facilitating this engagement.  A situational assessment of factors relating to private sector 
engagement, such as basic TB epidemiology (including the gap in case finding that could be 
addressed in part via private sector activities), health-seeking behaviors of TB patients and 
diagnostic delays associated with both patients and providers, and the size of the private sector 
is conducted.  The primary focus of this study is to identify the utility of Voronoi tessellations for 
healthcare provision analysis.  To that end, several sub-objectives are explored: first, the context, 
activities, and opportunities to engage the private sector in TB care are studied.  Second, 
geographic locations of a surveyed subset of private sector facilities (including pharmacies, clinics, 
and hospitals) are used to identify the spatial distribution of private care throughout six states 
within Nigeria, and the presence of statistically significant clustering of these facilities is assessed. 
Third, the efficacy of Voronoi polygons were compared against the standard ring buffer tool as 
methods of visually compartmentalizing the data.  Finally, both Voronoi diagrams and buffers were 
compared in their ability and accuracy for estimating the populations upon which they are 
overlaid.  By analyzing these aspects of PPM and Voronoi tessellations, it becomes possible to 
identify areas for implementation of PPM activity with great precision by selecting specific 
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polygonal “jurisdictions” associated with certain private providers that show the most promise 
for PPM integration.
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CHAPTER 3: 
 
METHODOLOGY 
 
Criteria for Selecting Nigeria 
 
  Nigeria was chosen due to its high contribution to the global share of “missed” TB cases 
(defined as the number of cases that make up the difference between the estimated incident cases 
and the number of notified cases, both new and relapse) (World Health Organization, 2014b).  
Ten countries account for 74% (2.4 million) of the world’s total missing cases, of which Nigeria 
is thought to be responsible for 15% (World Health Organization, 2014b).   
Data Acquisition 
 
  The basic methodology was a combination of desk research (searches in PubMed and grey 
literature) and interviews.  Primary data collection areas and sources are listed in Table 2; the 
general approach draws on the structure of the PPM National Situation Assessment methodology 
(World Health Organization, 2008). 
  Financial data were downloaded from WHO’s National Health Account database 
(World Health Organization, 2015), using 2013 as the base year.  GDP per capita was sourced 
from the World Bank (World Bank, 2015).  Epidemiological data were obtained from WHO’s 
Global Tuberculosis Report 2014 (World Health Organization, 2014a), domestic TB expenditure 
data from the WHO TB database (World Health Organization, 2014c), and social franchising data 
were obtained from S4Health’s Social Franchising Compendium annual reports (Visnawathan, 
2013).  GIS data were obtained primarily by conducting Google searches, with administrative 
boundaries for Nigeria obtained from DIVA GIS (DIVA-GIS, 2015), and population raster data 
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was obtained through the National Aeronautics and Space Administration’s (NASA) 
Socioeconomic Data and Applications Center (SEDAC) (Center for International Earth Science 
Information Network - CIESIN, 2005).  Private healthcare provider GPS coordinate data was 
obtained from the USAID-funded SHOPS (Strengthening Health Outcomes through the Private 
Sector) Project administered by Abt Associates (Johnson, 2014).  These data were obtained in 
the form of a Microsoft Excel spreadsheet which listed facilities along with their geographic 
coordinates, which were adapted to degrees-minutes-seconds and imported into GIS software. 
In addition, the author conducted PubMed and Google searches containing the search 
strings noted below, and searches of country-specific documents (see Table 2) for individual 
terms from these search strings.  
Table 1: Methodology of Investigation 
 
Area of 
Inquiry 
Data Sources Search Method 
Subtopics/Questions to 
Address 
TB 
Epidemiology 
WHO 2014 Global 
Tuberculosis Report 
Consulted individual country 
profiles (pp. 125-154) for 
demographic and 
epidemiologic indicators 
Standardized table of 
indicators, including the gap in 
case finding 
Health 
Seeking 
Behavior and 
Diagnostic 
Delay 
PubMed, Google, 
National TB Prevalence 
Surveys, National 
Strategic Plans, ad hoc 
PPM or TB studies 
obtained via Google or 
backstops 
Searched for "health seeking" 
or "diagnostic delay" or 
"delay" AND "tuberculosis" 
or "TB" AND [Country 
name] 
1) Health facility and provider 
types visited first, second and 
third by (a) all sick individuals; 
(b) individuals with chronic 
respiratory symptoms; and (c) 
TB patients prior to diagnosis. 
2) Patient pathways prior to 
quality-assured TB diagnosis. 
3) Length and reasons for 
delays prior to TB diagnosis. 
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 Table 1 (Continued) 
Area of 
Inquiry 
Data Sources Search Method Subtopics/Questions to Address 
Composition 
and size of 
non-NTP 
sector 
Examined country-
specific National 
Strategic Plans, NTP 
annual reports, and ad 
hoc PPM reports 
(which were obtained 
in previous searches 
from Google and 
backstops).  If available, 
also read and 
summarize entire 
SHOPS private sector 
assessments, SHOPS 
private sector 
censuses, PPM 
National Situation 
Assessments, and 
S4Health annual 
reports. 
Searched with the terms 
"health sector" or 
"healthcare" AND  "size" 
or "scope" or 
"composition" AND 
[Country name] 
Also “health workforce” or 
“HRH”  or “pharmac*” or 
“hospital” or “prison” or 
“GP” or “pulmonologist” 
or “professional societ*” or 
“association” AND 
[country name] 
1) Categorization of provider 
types, including non-NTP public 
sector and private sector.  2) 
Number of each provider types 
(estimate).  3) Names and 
descriptions of professional 
societies, including any estimate 
of number of members, how 
much financing available to them, 
and any major activities. 
Capacity for 
PPM 
Consulted country-
specific National 
Strategic Plans, and 
USAID TB workplans. 
Summarize SHOPS 
country profiles. 
Searched the listed 
documents for any mention 
of "PPM" or "private 
sector" or "private" or 
"engage" or "provider". 
Search PubMed and Google 
for “private” AND 
“tuberculosis” or “TB” 
AND [country name] 
1) Which provider types are 
engaged, including under USAID 
programming, and government 
financing? 
2) numbers and percentage of 
each provider type engaged 
For NGO Role: Searched 
these documents and 
Google for "NGO" or 
“FBO” AND "tuberculosis" 
or "TB" AND "PPM" or 
"private" AND [Country 
name] 
3)   Which NGOs, social 
businesses or other intermediary 
organizations are responsible for 
these PPM schemes? 
4)   Yield of PPM schemes with 
each provider type in terms of # 
of symptomatics referred and # 
of resulting TB diagnoses 
For social franchising: 
Searched these documents 
for “social”, and Google 
and PubMed for "social 
business" or "social 
franchising" or "social 
franchise" AND 
"tuberculosis" or "TB" 
AND [Country name] 
5)   By comparison with previous 
category, estimate the size of the 
gap in programming 
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 Table 1 (Continued) 
Area of 
Inquiry 
Data Sources Search Method Subtopics/Questions to Address 
   
6)   Identity and scope of any 
major franchise, social business, 
or other private sector scheme 
in a non-TB health area that 
might be available for including 
TB 
Regulatory 
Environment 
Consulted country-
specific National 
Strategic Plans, and 
also conducted 
PubMed and Google 
searches. 
Searched for the terms 
"mandatory" or "regulat*" 
or "law” and "reporting" or 
"notification" and 
"tuberculosis" or "TB" and 
[Country name] 
1) Mandatory notification status 
(yes or no; and availability of 
simple, electronic notification 
mechanism) 
For prescription 
regulations: "prescription" 
AND "tuberculosis" or 
"TB" AND [Country name] 
2) Prescription requirement for 
TB drugs 
For dual practice: Searched 
"dual practice" AND 
[Country name] 
3) Regulation of dual practice 
Health 
Financing 
Conducted PubMed 
and Google searches 
Searched for "insurance" or 
"health financ*" or "results 
based financing" or "RBF" 
or "performance based 
financing" or “contracting 
out” AND [Country name] 
1) What insurance schemes 
exist? What percentage, of which 
population groups, are covered 
by these schemes? Is TB 
included? 
2) What RBF schemes exist? 
How big are they? Are they 
donor or govt. funded? What 
health areas do they cover? 
IT Potential 
Conducted PubMed 
and Google searches 
Searched for "cell phone 
coverage" AND "mHealth" 
and [Country name] 
1) What % of the population own 
or have access to a cell phone? 
Smartphone? 
2) Which large mHealth schemes 
exist and could be utilized for 
engaging the private sector? 
 
 
 
Table 2 lists the source documents consulted for this analysis and whether or not they 
were analyzed and inserted into this report.  This table does not list academic publications, which 
are listed in the reference section at the end of this document. 
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Table 2: Source Documents 
 
Document Available? Analyzed? 
Data 
inserted 
into this 
report? 
WHO Global Tuberculosis Report 2014 Y Y Y 
USG Tuberculosis Strategy Y Y N 
WHO Global TB Strategy Y Y N 
PPM Toolkit Y Y N 
Achieving Systemic and Scalable Private 
Sector Engagement in TB Care… 
Y Y Y 
PPM National Situation Assessment (NSA) Y Y Y 
USAID PPM Meeting Report Y Y N 
PPM Subgroup Meeting Report: PPM in 
Africa 
Y Y N 
SHOPS-Private Sector Assessment – 
Nigeria 
Y Y Y 
SHOPS - Lessons for Policymakers and 
Donors on Contracting Out Family Planning 
and Reproductive Health Services 
Y Y N 
SHOPS – Technical Exchange on Engaging 
The Private Sector To Strengthen Health 
Systems and Achieve HIV/AIDS Goals 
Y Y N 
National Strategic Plan Y Y Y 
NTP Annual Report Y Y Y 
JMM report N N N 
Prevalence Survey report Y Y N 
PPM National Situational Assessment N N N 
Health-Seeking Costs Y Y N 
National Situational Assessment Y Y Y 
 
Finally, peer-reviewed studies were also consulted and cited.  These documents are listed 
in the reference section at the end of this document. 
Geospatial Data Analysis Methodology 
 
All ArcGIS analysis was performed within ESRI’s ArcMap 10.3.1 program.  Geocoded 
locations of private healthcare providers from six Nigerian states (Abia, Benue, Edo, Kaduna, 
Lagos, and Nasarawa) were obtained from the SHOPS team at Abt Associates, who performed 
a survey in these areas by sending out 2-3 man teams that traversed the region on foot and tagged 
private facilities with a GPS device and administered a survey to the proprietors.  A shapefile of 
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Nigeria’s cities and villages was obtained and plotted atop the basic outlines of the six states 
(Figure 1) and the Buffer tool used to generate a 5-mile buffer around every private sector facility 
included in the study (Figure 2).  The 5 mile radius was chosen based on a study examining 
healthcare seeking behaviors among TB patients in rural Nigeria, which concluded that access to 
public facilities was poor based on reports that the nearest facility was approximately an hour’s 
walk away (on average, roughly 3-5 miles) (Ukwaja, 2013).   
 
 
 
Figure 1: Urban and Rural Populated Locations  
*Location data generated by Abt under the USAID-funded SHOPS project 
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Figure 2: 5-Mile Buffers Surrounding All Urban and Rural Points 
*Location data generated by Abt under the USAID-funded SHOPS project 
 
Of note is the tremendous amount of overlap that occurs between the buffers when 
implemented on the facility data.  Due to the proximity of such a high concentration of populated 
areas, many buffers “stack” atop one another; this is exemplified in Figure 3. 
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Figure 3: Overlap of 5 Mile Buffers around Populated Areas in Lagos, Nigeria 
*Location data generated by Abt under the USAID-funded SHOPS project 
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With this buffer created, the Intersect tool was used to identify the private healthcare 
providers that fell within a 5-mile buffer created surrounding every city and village*, and this 
resultant layer was used as the basis for the optimized hot spot analysis and spatial 
autocorrelation.   
*Note: The hot spot analysis tool within ArcMap required, for this analysis, that the 
private facility dataset be converted into a count field to be used in the calculation.  This was 
accomplished by creating 5-mile buffers around populated areas and noting the number of 
facilities that fell into each of these buffers.  This count field in the buffer layer was the basis for 
the hot spot analysis.   
First, the layer was split into two: one for cities, and one for villages (urban and rural, 
respectively), with each layer consisting of data points for these locations and an attached field 
within the attribute table with a count of the number of private facilities within 5 miles of the 
location data point. 
An optimized hot spot analysis was performed on the urban and rural populated-area 
datasets separately using ArcMap’s Optimized Hot Spot Analysis (Getis-Ord GI*) tool, yielding 
two new layers that displayed colored points indicating the presence of hot and cold spots for 
urban and rural private providers, respectively.  The hot spots are statistically significant clusters 
of high counts of private healthcare providers, while cold spots are statistically significant clusters 
of low counts of private healthcare providers.  Figure 4 displays the results of the Hot Spot 
Analysis across the entire study area, while Figure 5 focuses on a single rural hot spot.  Spatial 
autocorrelation was performed by using ArcMap’s Spatial Autocorrelation (Global Morans’ i) tool 
upon the rural and urban hot and cold spot datasets, separately, which yielded statistical reports 
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containing the Morans’ I value, z-score, and p-value.  These results are reported in the results 
section. 
 
 
Figure 4: Urban and Rural Private Sector Healthcare Facility Hot and Cold Spots Identified 
by Optimized (Getis-Ord Gi*) Hot Spot Analysis 
*Location data generated by Abt under the USAID-funded SHOPS project 
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Figure 5: Rural Hot Spot Cluster of Private Sector Healthcare Facilities in Kaduna State 
*Location data generated by Abt under the USAID-funded SHOPS project 
 
With the hot and cold spots identified, a comparison was performed between the 
effectiveness of buffers and Voronoi tessellations at estimating populations served within 
providers’ theoretical 5-mile jurisdictions.  Using the buffers created around urban and rural 
cities, along with the Selection by Location tool, the dataset of private facilities could similarly be 
separated into urban (those facilities falling into the urban locations’ buffers) and rural (those 
facilities falling into the rural villages’ buffers).  Once these separated groups of facilities was 
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generated, 5 mile buffers surrounding these facilities were used in conjunction with the Zonal 
Statistics tool to estimate the population that falls within these buffers, as interpreted from a 
population raster file. Zonal Statistics sums the values of each cell of a raster layer together using 
a pre-loaded polygon as the boundary for the calculation.  As a result, the buffers and Voronoi 
polygons (introduced below) that surround the private facilities serve as the boundaries which 
would be used by the tool.  By overlaying these diagrams over a raster map constituted of 
predicted 2015 population data for the entire country, it was possible to sum the raster cells 
within each buffer and Voronoi polygon, thereby determining an estimate of the number of 
individuals that fall into each specific private health facility’s “jurisdiction” using two distinct 
calculations of extent.  This allowed for the calculation of the proportion of the population of 
these states that are served by the private healthcare providers in the region.   
For larger scale analyses, ArcMap’s tool for creating these diagrams - known as “Create 
Thiessen Polygon - treats the target dataset as one discrete entity; it does not account for the 
dispersion of hot and cold spots throughout a large area with areas of insignificance in between.  
As such, creating a Voronoi diagram using the entirety of the rural private provider dataset 
resulted in enormous polygons that covered wide swaths of the country, implying that one private 
provider serves the entirety of the population in that region (in reality, this is an error borne out 
of the fact that providers were not surveyed in those areas and their GPS coordinates were not 
included in this analysis).  This is exemplified below in Figure 6 and Figure 7, which exhibit the 
extremely large polygons created by the tool to account for the large gaps between urban and 
rural facilities, respectively, while Figure 8 and Figure 9 display the region surrounding only Lagos 
and Kaduna, respectively, as examples of the minute compartmentalization of the study area into 
discrete polygons that occurs as a result of utilizing this tool. 
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Figure 6: Voronoi Tessellation of All Urban Private Sector Healthcare Facilities across 
Study Area 
*Location data generated by Abt under the USAID-funded SHOPS project 
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Figure 7: Voronoi Tessellation of All Rural Private Sector Healthcare Facilities 
*Location data generated by Abt under the USAID-funded SHOPS project 
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Figure 8: Voronoi Tessellation of Urban Private Sector Healthcare Facilities in Lagos 
*Location data generated by Abt under the USAID-funded SHOPS project 
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Figure 9: Voronoi Tessellation of Private Sector Healthcare Facilities in Kaduna State 
*Location data generated by Abt under the USAID-funded SHOPS project 
 
 To correct for the generation of such large polygons, the rural private provider dataset 
was separated into four separate layers, splitting the data into four distinct groups based on the 
natural clustering of the data observed in the original dataset (Figure 10).   
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Figure 10: Division of Rural Private Sector Healthcare Facilities into Four Groups 
*Location data generated by Abt under the USAID-funded SHOPS project 
 
A Voronoi tessellation was created for each of these four groups (which included all 
private, rural facilities) and, once again, Zonal Statistics was utilized to estimate the number of 
individuals that were within the “service boundaries” that were generated for these facilities by 
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the creation of the Voronoi polygons (Figure 11).  This procedure was also repeated with the 
urban facility dataset.   
 
Figure 11: Voronoi Tessellation of Rural Private Sector Healthcare Facilities, Divided into 
Four Groups 
*Location data generated by Abt under the USAID-funded SHOPS project 
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However, the Voronoi tessellations generated for the four rural groups were still 
extremely large and included areas from states that were not part of the six examined by this 
study, and as such these polygons were cropped to the extent of the states being studied (Figure 
12).  
 
 
Figure 12: Voronoi Tessellation of Rural Private Sector Healthcare Facilities, Cropped by 
State Boundaries 
*Location data generated by Abt under the USAID-funded SHOPS project 
 
The facilities were grouped by their hot and cold spots, seen in Figure 13, with the urban 
facilities only demonstrating one hot spot with no cold spots.   
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Figure 13: Urban and Rural Hot and Cold Spots for Private Sector Healthcare Facility 
Clustering 
*Location data generated by Abt under the USAID-funded SHOPS project 
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Figure 14: 5 Mile Buffers Created Around Rural Hot Spot and Urban Cold Spots of Private 
Sector Healthcare Facility Clustering in Nassarawa 
*Location data generated by Abt under the USAID-funded SHOPS project 
 
This hot spot was separated into its own layer and used to generate 5-mile buffers and a 
Voronoi diagram using the same procedures as previously.  The rural dataset indicated the 
presence of six hot spots and one cold spot per the Optimized Hot Spot Analysis tool, and so 
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each of these groups were separated into their own distinct layers and used to create buffers and 
Voronoi diagrams.  An example of these buffers can be seen above in Figure 14.  Buffers and 
Voronoi diagrams were compared against each other in their ability to estimate populations via 
the “Zonal Statistics” tool.
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CHAPTER 4:  
 
RESULTS 
 
Basic TB Epidemiology 
 
Table 3: Epidemiological Indicators, Nigeria 
 
Nigeria epidemiology indicator Absolute Numbers Rates 
Population (2013 est.) 174,000,000 n/a 
TB incidence 590,000 338/100,000 
TB prevalence 570,000 326/100,000 
# of incident cases notified or % notified (all cases, 2013) 100,401 17% 
Estimated # MDR among notified (new/retreatment) and 
% MDR 
2500/1200 2.9/14 
# lab-confirmed RR/MDR-TB 669 n/a 
#and % TB patients who are HIV+ 19,423 22% 
 
Health Seeking Behavior/Utilization of Health Services and Diagnostic Delay 
 
Health Seeking Behavior 
 
A study by Asuquo et al. examined HSB and the potential of PPM to reduce TB burden in 
Akwa Ibom state in Nigeria.  Prior to initiating an educational intervention in the state that aimed 
to teach the local population about TB and TB-related care, a door to door survey was conducted 
by trained health workers.  The participants in the study, the residents of Akwa Ibom state, 
included students (445/790, 56.3%), traders (162/790, 20.5%), and others (including fishermen, 
artisans, small business owners or the unemployed, 23.2%).  These individuals chose 
hospitals/health centers (a combination of both public and private, with no concrete data provided 
on the breakdown between these two groups) (257; 83%), patent medicine vendors (35; 11%), 
native herbs (5; 2%), church (6; 2%), and native doctors (5; 2%).  Among those who did not utilize 
hospitals or health centers, the other choices were driven by lack of knowledge that the 
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symptoms could be treated in a hospital (53; 43%), fear of stigmatization (38; 31%), religion (21; 
17%), and peer influence (11; 9%) (Asuquo, 2015).   
 In Lagos, 104 of 141 pulmonary TB patients (74%) sought care at hospitals as their first 
source of care (60 at private hospitals and 44 at government hospitals or primary health care 
centers), and 37 (26%) turned to chemists, prayer houses, and traditional healers as their first 
option for treatment (Odusanya, 2004). 
Diagnostic Delay 
 
Odusanya et al. studied 141 TB patients recruited at the chest clinic of a general hospital 
in Lagos (Odusanya, 2004).  Of these patients, 117 (83%) took longer than one month after the 
onset of symptoms before seeking treatment in a health facility.  The median patient delay was 
eight weeks; median doctor delay was one week, median treatment delay was one week and the 
median total delay was 10 weeks.   It was noted that 20 patients (17%) visited a health facility 
within the first 30 days of the onset of their symptoms, 63 (45%) did so between 1-3 months of 
symptom onset, 38 (27%) sought treatment between 4-6 months after onset, and finally 16 
patients (6%) sought care only after 6 months.  
Composition, Size and Characteristics of Non-NTP Sector  
 
Non-NTP Public Sector  
In the six states inventoried by SHOPS (Strengthening Health Outcomes through the 
Private Sector) as part of their private sector census, the public sector comprises 3,612 facilities 
(far fewer than the 5,086 private facilities in these same states; see below) (Johnson, 2014). 
Private Sector 
 
Estimates of the national scope of Nigeria’s entire private sector could not be found.  
However the SHOPS census of the private sector facilities located throughout six states (Abia, 
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Benue, Edo, Kaduna, Lagos, and Nassarawa) out of the 36 states in Nigeria resulted in data that 
covers 15.4% of the population of Nigeria, and which are summarized in Table 4 table below. 
Table 4: Composition of Nigerian Private Sector Healthcare Providers, by State 
 
 Abia Benue Edo Kaduna Lagos Nasarawa Total 
Community 
Pharmacy 
49 84 136 204 821 115 1409 
Nursing Home 74 7 124 104 349 4 662 
Clinic 68 435 76 259 511 203 1552 
Hospital/Medical 
Center 
198 84 114 151 876 40 1463 
Total facilities 389 610 450 718 2557 362 5086 
Population 
(National 
Population 
Commission, 
2015) 
2,881,380 4,223,641 3,233,366 6,113,503 9,113,605 1,869,377 27,434,872 
 
In addition to the first round of “normal” searching for private facilities, surveyors 
contracted by SHOPS randomly selected 30 locations in Lagos for a second, “intensive” search 
in which they would systematically walk through every street in the regions of focus in order to 
identify any facilities they may have missed on the first attempt of surveying; this effort led to the 
identification of 107 previously unknown facilities.  A comparison of these methodologies was 
summarized in Table 5 (below) which identifies the average number of each type of facility (clinic, 
hospital, etc.) found during either “normal” or “intensive” searches. 
Table 5: Average Number Providers by Whether Facility Found During Normal Search or 
Intensive Search 
 
Facility Type 
Found During 
Normal 
Surveying 
Found During 
Intensive Search 
Clinics 8.0 6.5 
Hospital 15.5 11 
Medical Center 12.4 6.8 
Nursing Home 6.8 3.8 
Community Pharmacy 2.5 2.0 
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Additionally, the SHOPS report identified the mean number of patients treated at each 
facility, daily, during either the normal or intensive search periods.  This is summarized in Table 
6, below. 
Table 6: Median Number of Patients per day by Whether Facility Found during Normal 
Search or Intensive Search 
 
Facility Type 
Found During 
Normal Surveying 
Found During Intensive 
Search 
Clinics 10 5 
Hospital 20 15 
Medical Center 10 5.5 
Nursing Home 6 3 
Community Pharmacy 30 30 
 
Finally, almost all of these facilities were selling pharmaceuticals (92%), a major point to 
note when considering the number of TB patients who may seek TB drugs at these facilities.  In 
addition, a study by the SHOPS team conducted a census of proprietary patent medicine vendors 
(PPMVs) and community pharmacies (CPs) in Benue and Kebbi States, Nigeria, to examine the 
size and geographical distribution of these facilities in these states (Abt Associates, 2014).  Upon 
completion of the census (involving a street-by-street sweep of both states, noting the GPS 
coordinates of each PPMV and CP, and conducting interviews with their respective proprietors, 
the SHOPS team made several major conclusions, summarized below: 
 PPMVs in both Benue and Kebbi are well-educated: >50% have completed secondary 
school and 41% have post-secondary training; 
 98% of PPMVs belong to MAPMED (a professional association); 100% of CPs belong 
to the Pharmacy Society of Nigeria (PSN); 
 75% of CPs are registered with the Pharmacy Council of Nigeria (a regulatory agency); 
17% of PPMVs surveyed were registered with the state DPS office; 
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 PPMVs in Benue were more likely than those in Kebbi to have stocks of appropriate 
treatments (although stocks in both states were low); 
 Abt ICARE teams will work to complete Benue PPMV training, begin training of Kebbi 
PPMVs and CPs, and maintain adequate stock levels of treatments. 
Preparedness/Capacity for PPM 
 
Intermediary Organizations and Social Businesses in TB and Other Health Areas 
Social franchising is well established in Nigeria, with 3 major programs that account for 
701 franchised outlets, addressing issues including family planning, HIV, and maternal and child 
health; however, a TB-focused franchise is not yet established.  The available social franchising 
systems are summarized in Table 7: 
Table 7: Social Franchising in Nigeria 
  
Program Services 
% Rural or 
Urban 
Number/Type of 
Outlets 
Number/type of 
Health Workers 
BlueStar  
FP, HIV, 
MNCH  
70% rural 
30% urban 
42 hospitals 
75 clinics 
150 doctors 
150 pharmacists 
120 part-time 
interpersonal 
communication 
workers 
100 drug sellers  
Healthy Family 
Network 
FP, 
MNCH 
40% rural 
60% urban 
100 hospitals 
200 clinics 
100 chemical/drug 
outlets 
150 pharmacies 
150 doctors 
150 pharmacists 
100 drug sellers 
Hygeia Community 
Health Insurance 
Scheme 
FP, HIV, 
MNCH, 
Other 
45% rural 
55% urban 
30 hospitals 
4 health posts 
60 doctors 
150 nurses 
32 lab technicians 
30 midwives 
30 pharmacists 
FP: Family Planning, MNCH: Maternal, Newborn and Child Health 
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GIS Modeling 
 
 Combining the use of Hot Spot Analysis and Voronoi tessellations has resulted in the a 
diagram that identifies the facilities considered part of the hot spot cluster of providers most 
closely congregated together, while also identifying the Voronoi polygons representing the area 
for which these facilities have “jurisdiction.”  This is summarized below in Figure 15, which displays 
the Voronoi tessellations for the Hot and Cold Spots of rural facilities at a national scale, and in 
Figure 16, which focuses on rural and urban hot spots solely in Lagos, providing visual comparisons 
of their size and complexity at different scales. 
 
 
Figure 15: Voronoi Tessellations Constructed Around Individual Rural Hot and Cold Spot 
Clusters of Private Sector Healthcare Facilities 
*Location data generated by Abt under the USAID-funded SHOPS project 
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Figure 16: Voronoi Tessellation of Urban and Rural Hot Spot Clusters of Private Sector 
Healthcare Facilities in Lagos 
*Location data generated by Abt under the USAID-funded SHOPS project 
 
An enhanced view of these facilities and their associated Voronoi tessellations is shown 
in Figure 17. 
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Figure 17: Voronoi Tessellation of Rural Hot Spot Cluster of Private Sector Healthcare 
Facilities in Lagos 
*Location data generated by Abt under the USAID-funded SHOPS project 
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The population raster utilized for the zonal statistics analysis is represented in Figure 18. 
 
 
Figure 18: Population Raster of Nigeria 
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The estimated population sum from all six states were compared to the estimated 
population reported by the SHOPS project (Johnson, 2014).  These data are summarized in the 
following tables. 
Table 8: Population Estimation through Buffers Surrounding Rural Facilities 
 
Buffer Population Estimates - 
Rural Facilities 
All Rural 
Facilities 
Rural Hot 
Spot 1 
Rural Hot 
Spot 2 
Rural Hot 
Spot 3 
Estimated Population 25,635,266* 190,712 1,190,907 61,539 
 
Rural Hot 
Spot 4 
Rural Hot 
Spot 5 
Rural Hot 
Spot 6 
Rural Hot 
Spot Total 
Estimated Population 858,964 1,691,417 818,211 4,811,750 
Percent (%) Rural Population 
in Hot Spots 
18.77% 
 
The total number of individuals identified within all hot spots (4,811,750) was divided by 
the total number of individuals identified across the 5-mile buffer coverage of all rural facilities 
(25,635,266), yielding the percentage of the rural population that was located within the hot spots 
(18.77%).  Once the populations of the entire subset of rural facilities were measured using 
buffers, along with those of the hot spots identified by the hot spot analysis tool, the procedure 
was repeated for the subset of all urban facilities and the singular urban hot spot that was 
identified.  These data are summarized below in Table 9. 
Table 9: Population Estimation through Buffers Surrounding Urban Facilities 
 
Buffer Population Estimates - Urban 
Facilities 
All Urban 
Facilities 
Urban Hot 
Spot 
Estimated Population 12,747,198* 10,353,195 
Percent (%) of Urban Population in 
Hot Spots 
81.22% 
 
Table 10 shows the uncertainty associated with the use of buffers for population 
projections for all facilities, urban and rural. 
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Table 10: Population Estimation through Buffers Surrounding All Facilities 
 
Buffer Population Estimates-All 
Buffers 
Expected 23,100,393 
Observed 26,233,460* 
Percent 
(%) Error 
13.56% 
 
 Table 11 summarizes the estimated populations calculated using Voronoi tessellations, displaying 
the estimated number of individuals blanketed by the polygons over each rural group and hot spot, 
individually, along with the total number of individuals for all rural facilities and the percentage of the total 
rural population located within hot spots. 
Table 11: Population Estimation through Voronoi Tessellation of Rural Facilities 
 
Voronoi Population 
Estimates - Rural Facilities 
Rural Facilities 
Group 1 
Rural Facilities 
Group 2 
Rural Facilities 
Group 3 
Rural Facilities 
Group 4 
 
Rural 
Facilities 
Total 
Estimated Population 9,941,830 3,607,104 3,446,030 15,057,416 
32,052,381* 
 
Rural Hot 
Spot 1 
Rural Hot 
Spot 2 
Rural Hot 
Spot 3 
Rural Hot 
Spot 4 
Estimated Population 63,794 1,139,411 13,034 469,942 
 Rural Hot Spot 5 Rural Hot Spot 6 
Estimated Population 1,764,949 1,127,467 
Percent (%) Rural 
Population in Hot Spots 
14.28473286 
 
The procedure was repeated for urban facilities, which were split into three separate 
groups to reduce the extreme size of the polygons generated when the facilities were analyzed 
together, along with the single urban hot spot.  These data, along with the percentage of the 
population that is located within the hot spot, are summarized below in Table 12. 
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Table 12: Population Estimation through Voronoi Tessellation of Urban Facilities 
 
Voronoi Population 
Estimates - Urban 
Facilities 
Urban 
Facilities 
Group 1 
Urban 
Facilities 
Group 2 
Urban 
Facilities 
Group 3 
Urban 
Facilities 
Total 
Estimated 
Population 
2,662,372 3,005,717 5,655,470 11,323,559* 
 Urban Hot Spot 
Estimated 
Population 
8,919,413 
Percent (%) Urban 
Population in Hot 
Spot 
78.76% 
 
 
Finally, the uncertainty associated with the use of Voronoi polygons for the total 
population located within urban areas was assessed, with the percent error of this procedure 
shown below in Table 13. 
Table 13: Population Estimation through Voronoi Tessellation of all Facilities 
 
Voronoi Population Estimates - All Voronoi 
Tessellations 
Expected 23,100,393 
Observed 32,052,381* 
Percent (%) Error 38.75% 
 
*Note: For this analysis, the population estimation for all facilities were conducted as a 
separate test, rather than simply being the sum of rural and urban facility population estimates.  
This method was performed in order to account for several areas within the dataset in which 
rural and urban facilities were quite proximal to one another, raising the possibility that buffers 
and Voronoi polygons made for the rural and urban facilities, separately, would all cover the same 
areas of the population raster and count the same data cells twice.  This would subsequently 
result in an extremely overinflated estimate of the total population if these separate urban and 
rural population estimates were summed together.  Instead, for both the buffer and Voronoi 
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methods, all facilities were considered at once when calculating the total population estimate.  As 
such, when the buffers were made for all of these facilities at once, the overlap between rural 
and urban facilities that would double-count the same raster cells was eliminated (however, while 
the overlap between rural and urban buffers was eliminated, there was still overlap between 
buffers created for the separate dataset that examined all facilities at once due to the close 
proximity of facilities to one another in certain locations.  This was a noted limitation of the 
study).  Similarly, creating Voronoi polygons for all facilities at once eliminated the double-
counting of population raster cells that occurs when urban and rural Voronoi polygons are made 
separately. 
This methodology was repeated using a second population raster that was acquired from 
the University of Southampton’s Worldpop database, identifying 2014 estimates of the number 
of people per grid square with data updated for accuracy using the United Nations’ national 
estimates(WorldPop, 2013).  This raster file is shown in Figure 19, while the estimated populations 
calculated using this file is shown in the tables following.  
As with the procedure involving the population count raster data, both buffers and 
Voronoi tessellations were used to calculate estimates of populations using the population density 
raster dataset (WorldPop, 2013).   
Table 14, located below the population density raster map on the following page, 
summarizes the estimates of population yielded by performing the analysis using buffers upon this 
population dataset.  
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Figure 19: Population Density Raster of Nigeria 
 
Table 14: Population Estimation through Buffers, Population Density Raster 
 
Buffers 
 Estimated Population Uncertainties Percent Error (%) 
All Facilities 32,546,057.37 
% Error Sum 
Rural/Urban vs. All 
Facilities 
35.99% 
All Rural Facilities 31,826,776.61 
% Error Sum 
Rural/Urban vs. 
Total Pop 6 States 
86.07% 
All Urban Facilities 19,025,845.83 
% Error All 
Facilities vs. Total 
Pop 6 States 
19.09% 
Sum of Rural + Urban Facility 
Population Estimates 
50,852,622.44 
Total Population 
for 6 States 
27,328,791.00 
 
 In Table 15, the population estimates for urban and rural hot spots are summarized. 
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Table 15: Population Estimation for Hot and Cold Spots through Buffers, Population 
Density Raster 
 
 
 
 
 
The uncertainties associated with the use of Voronoi tessellations with this procedure 
upon population density are summarized in Table 16.  Of note are the extremely large errors 
associated with the comparison between the calculated population values and the reference value 
for the total population of the six states studied.  This is due to several issues; primarily, the 
Voronoi diagrams fabricated for estimating the population for all facilities, all rural facilities, and 
all urban facilities were each extremely large polygonal meshes that covered an exceedingly large 
swath of the countryside, thereby counting raster cells that should have been excluded and thus 
resulting in incredibly overestimated population values.  Combining this with the potentially 
inaccurate total population estimate (Maja-Pearce, 2014) for the six states of 27,328,791 people 
(Johnson, 2014), it comes with little surprise that the estimated population calculated by the zonal 
statistics methodology examined in this study is significantly different than the expected 
population for the area.  These data cast doubt on the efficacy of this methodology for identifying 
the number of people each private provider could be treating, and instead suggest that alternative 
methods of estimating potential patient populations should be explored. 
Table 16: Population Estimation through Voronoi Tessellation, Population Density Raster 
 
Voronoi 
 
Estimated 
Population 
Total Population for 6 States 27,328,791 
All Facilities 127,385,655.48 Uncertainties Percent Error (%) 
All Rural 126,489,817.18 % Error Sum Rural/Urban vs. All Facilities 47.60% 
All Urban 116,584,346.29 
% Error Sum Rural/Urban vs. Total Pop 6 
States 
789.44% 
Sum of Rural 
+ Urban 
243,074,163.47 % Error All Facilities vs. Total Pop 6 States 366.12% 
 
Hot and Cold Spot Location Estimated Population 
Urban Hot Spots 13,057,233.98 
Rural Hot Spots 17,768,501.37 
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Table 17 compiles the results of performing this procedure upon rural and urban hot spots, 
while  
Table 18 summarizes the population estimates of urban facility groups, and Table 19 displays 
the estimates acquired by performing the methodology once the Voronoi diagrams were clipped 
to the boundaries of the state polygons in which these groups were located. 
Table 17: Population Estimation through Voronoi Tessellation for Urban and Rural Hot 
Spots, Population Density Raster 
 
Voronoi 
Rural Hotspot Group # Estimated Population Hot and Cold 
Spot Location 
Estimated Population 
Rural Hotspot 1 1,274,021.37 
Rural Hotspot 2 72,890.50 Urban Hot 
Spots 
11,178,989.24 
Rural Hotspot 3 1,424,044.09 
Rural Hotspot 4 1,413,317.93 Rural Hot Spots 
(Total) 
16,367,271.83 
Rural Hotspot 5 12,182,997.94 
 
Table 18: Population Estimation through Voronoi Tessellation, Urban Areas Divided into 
Groups, Population Density Raster 
 
Voronoi 
Urban Facility Group # Estimated Population 
Urban Area 1 3,382,353.08 
Urban Area 2 3,217,867.51 
Urban Area 3 5,966,448.08 
Sum Urban Areas 12,566,668.67 
Sum Rural Facility Groups - 
Clipped to States + Urban Areas 
48,735,593.02 
 
Table 19: Population Estimation through Voronoi Tessellations Clipped to State 
Boundaries, Rural Facilities Divided into Groups, Population Density Raster 
 
Voronoi, Clipped to State Boundaries 
Rural Facility Group # Estimated Population 
Rural Facility Group 1 12,760,510.00 
Rural Facility Group 2 3,801,644.24 
Rural Facility Group 3 3,694,016.66 
Rural Facility Group 4 15,912,753.45 
Sum Rural Facility Groups 36,168,924.35 
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Table 20 lists the results of the use of Voronoi polygons, clipped to state boundaries, to 
estimate populations for urban facility groups.  Additionally, this value is summed with the sum 
of the population values obtained and listed in Table 19, above. 
Table 20: Population Estimation through Voronoi Tessellations Clipped to State 
Boundaries, Urban Facilities Divided into Groups, Population Density Raster 
 
Voronoi, Clipped to State Boundaries 
Urban Facility Group 1 2,862,434.85 
Urban Facility Group 2 2,377,468.02 
Urban Facility Group 3 5,116,075.52 
Sum Urban Clips 10,355,978.39 
Sum Rural Clips + Urban Clips 46,524,902.74 
 
Furthermore, the mean number of facilities reported in each hot and cold spot, for both 
urban and rural divisions of the facilities, are summarized on the following page. 
Table 21: Mean Number of Private Healthcare Facilities in Hot and Cold Spots 
 
Mean Number of Urban Facilities Mean Number of Rural Facilities 
Hot Spot Cold Spot Hot Spot Cold Spot 
206.79 33.31 127.20 2.37 
 
There is a marked difference between the mean number of facilities within hot spots and 
within cold spots between distributions of urban and rural private facilities.  For urban locations, 
this is an 83.9% reduction in the number of private facilities between hot and cold spots, while 
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this decrease is 98.1% among rural facilities.  Between groups, there are 38.5% fewer private 
facilities within rural hot spots compared to urban hot spots, while there are 92.9% fewer such 
facilities in rural cold spots relative to urban cold spots.  Using these results, locations can be 
identified that are most in need of further development of the private sector; namely, rural cold 
spots which are served by significantly fewer private facilities than any other geographic region 
within the study area.  
 Spatial autocorrelation was also assessed using ArcMap’s built-in tool which examines the 
Morans’ i value for the dataset.  These results are detailed below in the form of probability curves 
indicating the level of significance of clustering (Figure 20 and Figure 21) and tables summarizing 
the index and p-values (Table 22 and Table 23). 
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Figure 20: Rural Hot Spot Spatial Autocorrelation Analysis 
 
Table 22: Rural Hot Spot Spatial Autocorrelation Results 
 
Global Moran's I Summary 
Moran's Index: 0.620293 
Expected Index: -0.000268 
Variance: 0.000450 
z-score: 29.239646 
p-value: 0.000000 
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Figure 21: Urban Hot Spot Spatial Autocorrelation Analysis 
 
Table 23: Urban Hot Spot Spatial Autocorrelation Results 
 
Global Moran's I Summary 
Moran's Index: 0.241353 
Expected Index: -0.011111 
Variance: 0.054259 
z-score: 1.083835 
p-value: 0.278438 
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CHAPTER 5:  
 
DISCUSSION 
 
Document Analysis 
 
After reviewing documentation ranging from NTP and NSP reports and especially from 
grey literature sources such as individual studies conducted in Nigeria, the prevailing sense is that 
PPM is, overall, a scheme both wanted and encouraged in the country, with the adoption of PPM 
activities by the government a clear focus of the NTP.  Regardless of the level of government 
support for PPM, however, assistance from private and/or foreign entities is still required for the 
establishment of a robust, collaborative TB healthcare system.  Social franchising and involvement 
by private research corporations serve that role.  During this research, it was noted that social 
franchising was a prevalent, significant and effective mechanism through which the private sector 
can be engaged on a larger scale, with Nigeria possessing 3 such major franchises.  However, 
these franchises do not explicitly note TB as a major focus of their work, potentially limiting the 
opportunity for the implementation of PPM through these networks.  Further, this research 
identified a number of studies and evaluations that stated that private medical practitioners are 
eager to receive NTP training and accreditation to become TB care providers (partly to legitimize 
or give greater prestige to their practice), and this may be a potential, mutually beneficial avenue 
through which existing franchises can be modified and utilized for TB care provision. 
Concurrent to the identification of PPM and TB related data for these countries, this 
report also served to demonstrate the advantages and disadvantages of various research 
methods, including PubMed searches, Google searches for grey literature, and review of official 
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government, funding mechanism and NGO reports.  The NTP and NSP documents are ideally 
comprehensive documents that will address nearly every aspect of TB, including PPM.  However, 
reviewing these documents revealed that these documents do not delve into PPM in great detail, 
but rather only report very general information regarding PPM.  The Nigeria NSP only devoted 
2 pages to PPM, but provided extensive quantification (including a large table that identifies the 
number of PPM facilities by health zone in the country).  However, there is still far too little 
information provided regarding PPM or discrete data in the sections that do cover the topic.   
Another surprising revelation was the lack of information, both in official reports and in 
grey literature, concerning the laws and regulations that are associated with TB and PPM in these 
countries.  Despite numerous searches, almost no information was found regarding TB 
mandatory notification laws, regulation of TB drugs, or dual practice of practitioners between the 
public and private sectors.  Additionally, very little information was found concerning mHealth or 
other information technology as applied to TB or PPM.  Finally, it was also noted that there were 
no mentions of social businesses in any of these documents, which is unsurprising given that the 
concept of social businesses has not yet taken hold in Sub-Saharan Africa to the extent that it has 
in Southeast Asia. 
Mapping Analysis 
 
While hot spot analysis was helpful in determining where one would expect to find 
clusters of facilities within the urban and rural divisions, it did not identify the degree of clustering 
in the level of detail that could be attained through the use of spatial autocorrelation analysis.   
Examining the results of the spatial autocorrelation analysis, and noting that the value of 
the Moran’s i index ranges from -1 (perfect dispersion) to 1 (perfect correlation), several major 
observations can be made: primarily, the rural private facilities are both clustered (Moran’s i: 
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.620293) and significantly so (p-value 0.000000).  This result is unsurprising: both between and 
within rural areas it would be expected that rural providers would congregate around population 
foci in areas in which such locations are few and far between.  For urban private healthcare 
facilities however, the results were unexpected: with a Moran’s i value of 0.241353 (very near 
the 0 value implying no association) and a p-value of 0.278438 (indicating non-significance of the 
result).  While it would normally be expected that in an urban, developed location there would 
be extensive clustering of private facilities (due simply to the fact that space is at a premium in 
such areas), these results imply that such clustering is not occurring, albeit this claim suffers from 
non-significance due to the high p-value associated with the test.  This could have resulted from 
an insufficient amount of data having been used to perform the spatial autocorrelation calculation.  
While the results of the spatial autocorrelation analysis for urban private healthcare facilities were 
not significant, the result for the rural facilities - which indicated a tendency towards clustering 
and significant results – identifies the degree of spatial autocorrelation occurring within the data.  
With a Moran’s i value of .620293, the rural facility dataset exhibits moderate correlation strength 
(compared to the 0 value indicating no association). 
With regards to the use of buffers and Voronoi tessellations and their effectiveness for 
calculating population statistics, both methods overestimated the population values that were to 
be expected for the region (this may be due to the population raster used for the calculation, 
which itself may have been overestimating the total population of the country; addressed below 
in the limitations section).  However, Voronoi polygons offer the most useful estimator of 
population as individual polygons can be selected and used to calculate population estimates.  
Thus, if a researcher were to conduct a study investigating, for example, the population that fell 
into the Voronoi polygons of a very small subset of private providers, these polygons can be 
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selected individually and used to calculate population statistics separately from the rest of the 
dataset.  Buffers would not be as effective in this endeavor as these facilities may be extremely 
close to one another, leading to overlap of the buffers and double- or triple-counting of the 
underlying population.  Examining the distribution of private healthcare providers throughout the 
six study states within Nigeria at different scales reveals the need for more detailed methods of 
perceiving and managing the data.  While the use of buffers and Voronoi tessellations can help 
further divide this data into more manageable, discrete units of study, this works optimally only 
at the city or district level, as evidenced by the differences in the value of the information 
conveyed between Figure 17 and Figure 18.  However, while Figure 4 shows the locations of the 
private healthcare facilities throughout the country and also identifies their degree of clustering, 
this graphic does not help TB researchers or intervention teams to examine the interplay 
between other factors (such as health-seeking behaviors, socio-economic status, HIV co-infection 
status, levels of stigma associated with testing positive for TB or HIV, cost of seeking and receiving 
treatment or socio-cultural differences) and utilization of private providers.  Unfortunately, 
Voronoi tessellations cannot be weighted using all of these covariates at once, which would be 
the ideal method of using these subdivisions of the study area to account for the complex reality 
of healthcare provision for TB patients.  Nonetheless, these polygons show tremendous potential 
for constructing an organizational structure of the distribution and theoretically served 
population of private sector providers. 
Limitations 
 
“Create Thiessen Polygon” Tool 
 
While the Voronoi polygons synthesized during the course of this study provide useful 
information regarding the distribution of private healthcare providers has several limitations.  
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Primarily, the Voronoi-creation tool itself, the “Create Thiessen Polygon” feature of ArcMap, did 
not possess a method for entering other details regarding the data that could have altered the 
size of the Voronoi polygons surrounding each point.  As a result, the tool generated the polygons 
of varying sizes based solely on the Euclidian distances between the facility points.  Over the 
course of this investigation it became apparent that many other factors, ranging from the distance 
to the nearest facility, the region of Nigeria in which the TB patient lives, and the types of facilities 
located nearby, all affected the health-seeking behaviors of TB patients and made an impact on 
their decisions to both seek care at a private facility, and to choose between one facility and 
another.  Just as important, the presence of stigma associated with testing positive for TB was 
also found to influence the choice to seek care, and where to seek care (Ukwaja, 2013).  For 
more robust conclusions to be drawn from the use of Voronoi tessellations on the study of TB 
patient access and use of private sector facilities, the integration of these and other socio-cultural 
variables is crucial.   
In addition, the Voronoi-creation tool was bounded solely by the locations of the most 
extreme points in the dataset used.  That is, the tool used the points that were furthest north, 
south, east, and west to create the overall extent of the Voronoi diagram.  Initially, this led to 
the creation of a diagram that covered nearly the entirety of central and western Nigeria, 
including areas that were not examined as part of the study and altering the population estimates 
provided by the Voronoi when analyzed using the Zonal Statistics tool.  This limitation was 
addressed by “cropping” the Voronoi diagrams to cover only the extent of the states being 
examined in this study.  However, while this procedure led to the elimination of the coverage of 
the non-study areas by the Voronoi, a by-product of this was the not-quite completely accurate 
coverage of the study states.  Specifically, Figure 13 demonstrates the lack of complete coverage 
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of the Edo state boundaries by the accompanying Voronoi diagram, while each of the Voronoi 
lattices, most notably those enveloping Kaduna, Nassarawa and Benue states, still include some 
portion of the areas that are outside the boundaries of the states (albeit not as significantly as 
previously).  In addition, at the smallest of scales (for example, the most densely clustered region 
of private providers within Lagos, the theoretical conclusion to be drawn from these extremely 
small polygons is that the “jurisdiction” of each of these facilities represents the individuals that 
are, due to proximity, most likely to utilize those facilities.  However, at increasingly smaller 
scales, making this conclusion is extremely erroneous as it ignores the reality that individuals are 
likely to travel outside of the ascribed “jurisdictions” imposed by the polygons to seek care as 
the overall distances they have to travel to receive healthcare in these regions are far lower than 
the distances patients would have to travel in rural regions to seek treatment. 
5-Mile Buffers 
 
The decision to use 5-mile buffers was based entirely on the notion that the average 
individual would walk at most one hour for treatment (with a normal human being walking 
between 3-5 miles in an hour) (Ukwaja, 2013).  This is, of course, an estimation made concerning 
patients in a specific part of Nigeria and is thus not indicative of the HSBs of individuals outside 
of that region, nor does it take into account the possibility that people may simply be willing to 
walk much further if it means they will have access to quality treatment.  Therefore, the 5 mile 
buffer was chosen as a “best guess” estimator of the distance that patients would be willing to 
travel, but in no way serves as an entirely accurate gauge of this health seeking behavior, which 
would realistically vary among different populations within the country.  The 5-mile buffers were 
compared against Voronoi polygons in their ability to estimate the population of the six states in 
question (by comparing both against the reference value of 27,434,872) with the goal of identifying 
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which of these methods provided more accurate coverage of the population in question.  
However, this assumes that the population is collectively located within 5 miles of the private 
facilities in these locations, which may or may not actually be the case. 
Buffer Overlap 
 
Another limitation was the overlap noted between the buffers created around private 
facilities that were within close proximity to one another.  As the buffers were essentially stacked 
atop each other, it is possible that the Zonal Statistics procedure to estimate the population value 
associated with each buffer when overlaid onto the population raster was inflated because the 
same raster cells were being counted multiple times depending on the number of buffers that 
covered them.  For this study, the use of Voronoi polygons helped to account for this issue 
because of the Voronoi lattice occurring on one plane, unlike the buffers that were three-
dimensionally stacked atop one another.  As a result, the Voronoi polygons did not overlap and, 
theoretically, served as a more accurate medium through which population could be estimated 
from the population raster. 
Population Raster 
 
Finally, the population raster itself represents another limitation.  The first raster used is 
a future population estimate produced by NASA’s Socioeconomic Data and Applications Center 
(SEDAC), and is their estimation of the population of Nigeria for the year 2015 (Center for 
International Earth Science Information Network - CIESIN, 2005).  This raster was used as it 
represented the best guess for the population of Nigeria for the year, and was the only raster file 
found that was applicable to the year (most raster files that used official population counts dated 
back to the early or mid-2000s).  The population values per cell are thus expected to differ from 
what would be expected were they calculated using official Nigerian census data.  To that end, 
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the second population raster used was a population density map using 2014 population data.  
While this could be expected to use more accurate population data (being a density map, rather 
than count data), it should be noted that Nigerian population data is notoriously inaccurate (Maja-
Pearce, 2014).  The analysis conducted by Maja-Pearce and Whitehead noted the historical 
precedent by the Nigerian government to deliberately underrepresent the population in the 
southern half of the country in an attempt to justice the allocation of resources to regions in the 
north.  Further, today the size of a state’s population is factored into determining the share of 
revenues disbursed by the national government to each state, further providing impetus to 
manipulate population counts in the census.  This is especially true for the 2006 census data (the 
data cited by the SHOPS team for their estimate of the population of the six states), which is 
marred by allegations that estimates of the population of Lagos was deliberately suppressed to 
just 9 million, spurring the state government to conduct its own survey and conclude the state’s 
population was actually 17.5 million (Maja-Pearce, 2014).  As such, the population figure for the 
total study area, and the estimated populations acquired from both raster documents are, most 
likely, not wholly indicative of the actual population distribution of the region.  However, they 
can still serve as general, “best guesses” for identifying the number of individuals impacted by 
these private providers. 
Additionally, the raster files themselves have a resolution of 2.5 arc-seconds (1 arc-second 
refers to the distance of latitude or longitude covered on the earth’s surface while traveling 
exactly 1 second; translating roughly to 30.87 meters) (ESRI, 2015a).  By these figures, the 
population raster’s cells were each approximately 77 meters by 77 meters, which represents an 
extremely large area covered by each cell.  It is possible that having smaller cells to use with the 
Zonal Statistics tool would result in more accurate counts of the population blanketed by the 
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Voronoi polygons; for example, using raster documents created from sub-meter resolution 
imagery such as that found from WorldView-3TM or QuickbirdTM satellites.  
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CHAPTER 6: 
 
CONCLUSION 
 
Following this examination, Voronoi tessellations were demonstrably superior over 
buffers for visually subdividing the private sector facility dataset into more meaningful units.  This 
is especially true at smaller, more focused scales (examining neighborhoods) as opposed to larger 
scale analyses such as at the national or state level, provided the dataset being compared is not 
extremely clustered.  In these situations, the usefulness of Voronoi polygons is lost due to the 
unrealistic conclusions that are inferred at these scales.  Unfortunately, the methodology of using 
both buffers and Voronoi polygons as mechanisms of estimating population was found to be 
greatly limited in its accuracy due to a number of limiting factors, including the overlap of buffers, 
multiple-counting of raster cells that are covered by both urban and rural Voronoi diagrams - 
when examined separately - and the inherent inaccuracy of the raster data utilized. 
Nevertheless, the greatest opportunity for the meaningful use of Voronoi tessellations is 
the combined application of these polygons with Hot Spot Analysis, identifying the locations that 
are most primed for PPM-driven development and intervention and presenting them in discrete 
subunits.  These hot spots identified as a result of this analysis can be targeted for PPM 
implementation due to the high concentration of private sector providers in a small geographic 
location, thereby helping to ensure that more private providers are reached quickly, often the 
biggest challenge facing PPM implementation teams.  Further, by targeting these hot spots PPM 
implementation also maximizes the number of patients affected by these endeavors.
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Consequently, following this analysis the urban hot spot of private facilities located within 
Lagos state would be the hot spot that should be prioritized for PPM implementation.  With 
regards to cold spots, while targeting these locations will not affect the quality of the delivered 
healthcare to many individuals in the present, establishing PPM principles to the private facilities 
that already exist in the location will establish the culture of PPM-guided healthcare within the 
private facilities of the region and result in improved, PPM-guided healthcare delivery from any 
future private facilities that may establish themselves in the region.  As a result, the rural cold 
spot in Benue state represents the most important area identified in the study for early 
implementation of PPM principles prior to further development of the private sector. 
Finally, this analysis demonstrated that the methodology of using Voronoi tessellations 
and the zonal statistic tool to estimate populations from a raster file was too inaccurate to 
provide meaningful data from which PPM-implementation teams could draw conclusions 
regarding locations where they should focus their efforts.  Instead, a procedure that uses more 
accurate data, such as recent, official census tract data that is delivered in the form of point data 
that can be spatially joined to a shapefile of private providers, would be far superior in spatially 
weighing the polygons that are created surrounding these facilities with accurate population 
values.  Combining this methodology with the subdivision of the study area that results from 
usage of Voronoi polygons will provide meaningful “jurisdictions” for private facilities that can be 
further examined and taken advantage of for implementing PPM.
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